Aims/hypothesis Inflammatory alterations in white adipose tissue appear
Introduction
Obesity is associated with chronic low-grade inflammation that is characterised by increased serum concentrations of acute phase reactants and combines with metabolic alterations such as type 2 diabetes mellitus [1] . The inflammatory response in the presence of obesity appears to be triggered by and to reside predominantly in adipose tissue [2] . Notably, low-grade inflammation is involved in the pathogenesis of atherosclerosis that might explain the association of obesity with cardiovascular complications [3] [4] [5] . Obesity and insulin resistance are correlated with activation of peripheral blood monocytes, showing increased expression of a variety of cytokines including migration inhibitory factor, IL-6 and TNF-α [6] . In addition, blood-glucose-lowering drugs metformin and rosiglitazone reduce inflammatory alterations, indicating that part of their beneficial effect, including that of metformin on cardiovascular complications, could be due to modulation of the inflammatory response [7] [8] [9] .
Obesity-associated inflammatory changes in white adipose tissue are predominantly due to macrophage infiltration in human obesity as well as in genetic-and highfat-diet-induced mouse models [10, 11] . These studies used high-fat diets rich in monounsaturated fatty acids. However, dietary polyunsaturated fatty acids (PUFA) seem to postpone diabetes development [12] and have considerable impact on gene expression in a variety of tissues, including adipose tissue, where they regulate genes involved in adipocyte differentiation and lipid metabolism [13, 14] . In addition, PUFA, particularly those of the n−3 fatty acids that are found in marine fish oils, exert immunomodulatory effects, e.g. in inflammatory joint and bowel diseases [15] . Immunomodulation by PUFA has been studied mainly in T lymphocytes and T cell-mediated diseases, but n−3 PUFA have been found to affect monocyte and macrophage functions as well [16] . Therefore, we studied the effect of marine n−3 PUFA on white adipose tissue inflammation and gene expression in db/db mice on a high-fat diet. Compared with animals on a diet rich in saturated and monounsaturated fatty acids, n−3 PUFA completely prevented high-fat diet-induced inflammatory alterations, whereas n−6 PUFA had only marginal effects. Notably, interference with white adipose tissue inflammation occurred in the absence of body weight reduction, indicating that n−3 PUFA dissect obesity from inflammatory changes.
Materials and methods

Animals and diets
Male C57BL/KsJ-lepr db /lepr db diabetic (db/db) mice and their non-diabetic littermates (db/+) were purchased from Charles River Laboratories (Sulzfeld, Germany) at 7 weeks of age and were routinely fed a low-fat standard rodent diet (LF; 3 kcal% fat; N1324; Altromin, Lage, Germany) with water freely available. For the experiment, db/db and db/+ mice (n=5-8/group) were fed for 6 weeks with either the LF or high-fat diets that included 30% of calories from lard oil (rich in saturated and monounsaturated fatty acids; HF/S), safflower oil (rich in n−6 PUFA; HF/6) or the latter with 40% of oil volume being replaced by a concentrate of highly purified n−3 PUFA eicosapentaenoic acid (20:5n−3) and docosahexaenoic acid (22:6n−3) re-esterified to triglycerides (EPA X6000TG; HF/3) generously provided by Pronova Biocare, Lysaker, Norway. High-fat diets were isocaloric and all fat supplements included 4 mg/g α-tocopherol (Sigma, St Louis, MO, USA). Animals on highfat diets were pair-fed to ensure equivalent food intake. Epididymal and subcutaneous white adipose tissue was immediately snap-frozen in liquid nitrogen. Blood glucose, plasma cholesterol and triglycerides were measured on an automated analyser, NEFA with a commercial kit (Wako Chemicals, Richmond, VA, USA). Adiponectin, macrophage chemotactic protein (MCP)-1, IL-6 (both R&D Systems, Wiesbaden-Nordenstadt, Germany) and C-reactive protein (CRP) (Immunology Consultants Lab, Newberg, OR, USA) were determined in blood plasma using commercially available ELISA kits. The study protocol was approved by the local ethics committee for animal experiments, and followed the guidelines on accommodation and care of animals formulated by the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes.
Microarray hybridisation and data analysis
Total RNA was prepared using TRIzol (Invitrogen, Carlsbad, CA, USA) and repurified with an RNeasy MinElute kit (Qiagen, Valencia, CA, USA). Following in vitro transcription, labelled cRNA was hybridised to U74Av2 GeneChips (Affymetrix, Santa Clara, CA, USA) representing more than 12,000 transcripts. Scanned images were analysed with Microarray Suite version 5.0 software (Affymetrix). Normalisation was performed by global scaling to an average intensity of 100 arbitrary units. Gene abundances were estimated by robust multi-array analysis [17] using the probe-level modelling (affyPLM) package from Bioconductor (www.bioconductor.org). We used a strategy similar to ANOVA and computed a consensus estimate for the variability among all groups as a basis for t-test statistics. Genes with absolute fold change of at least 1.5 (increase or decrease) were selected at p<0.01.
Quantitative real-time PCR
One microgram of total RNA was treated with DNase I and reverse transcribed into cDNA by Superscript II using random hexamer priming (all Invitrogen). Real-time RT-PCR was performed on an ABI PRISM 7000 Cycler using gene-specific FAM-TAMRA-labelled commercial Assayson-Demand (Applied Biosystems, Foster City, CA, USA) normalised to 18S VIC-labelled endogenous control (Applied Biosystems).
Immunofluorescence
Five-micron paraffin-embedded tissue samples were deparaffinised, treated with Antigen Unmasking Solution (Vector Labs, Burlingame, CA, USA) and stained for macrophages using MAC-2 antibody (Cerderlane Laboratories, ON, Canada) followed by Alexa Fluor 594 goat anti-rat IgG (Molecular Probes, Eugene, OR, USA) and nuclei counterstaining with DAPI. F4/80-positive macrophages were detected on frozen tissue sections stained with Alexa488-labelled F4/80 antibody (clone CI:A3-1; Serotec, Düsseldorf, Germany) and nuclei counterstained with propidium iodide.
Fatty acid analyses
Fatty acids from diets were analysed as described previously [18] with some modifications. Briefly, methanol (Merck, Darmstadt, Germany)/benzene (Riedel-de Haën, Seelze, Germany) 4:1 (v/v) extracts including heptadecanoic acid as internal standard were methanolysed. Fatty acid methyl esters were separated by gas chromatography on a DB-23 column (J & W Scientific, Folsom, CA, USA) and detected by electron-impact ionisation mass spectroscopy using fatty acid methyl esters of the highest available quality (Alltech, Deerfield, IL, USA) as standards.
Immunoblotting
Adipose tissue was homogenised and lysed on ice for 30 min in TBS, pH 7.4, containing 1% Triton X-100 (Pierce, Rockford, IL, USA), phosphatase (2 mmol/l sodium orthovanadate, 20 mmol/l NaF, 10 mmol/l sodium pyrophosphate, 50 mmol/l β-glycerophosphate, and 10 mmol/l EDTA) and protease inhibitors. The tissue extract was cleared from fat, nuclei and debris by centrifugation at 13,000×g for 10 min. Protein content was determined by BCA assay (Pierce) and identical amounts of proteins (30 μg/lane) were separated by SDS-PAGE and blotted onto nitrocellulose membranes (Hybond ECL, Amersham, UK). Equal blotting was verified by Ponceau red staining (Pierce) (data not shown). Phosphorylation of c-Jun N-terminal kinase (JNK) (Thr-183, Tyr-185) was assessed using a mouse monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and JNK was detected using a rabbit polyclonal antibody (Cell Signaling, Danvers, MA, USA), both followed by respective horseradish peroxidase-labelled secondary antibodies (Accurate, Westbury, NY, USA). Chemiluminescence was generated by BM chemiluminescence substrate (Roche, Mannheim, Germany) and quantified on a Lumi-Imager (Roche). Densitometric data from both JNK isoforms (p46 and p54) were combined for numerical analyses.
Statistical analyses
Data are given as means±SEM unless indicated otherwise. Expression data from quantitative RT-PCR and microarrays as well as other data exhibiting unequality of variances between groups according to Levene's test were log-transformed before ANOVA. Except for evaluation of expression profiles (see above), study groups within a genotype were compared with mice fed HF/S by univariate ANOVA using Dunnett's t-test for post hoc analysis. The use of HF/S-fed animals as a control allowed simultaneous statistical evaluation of the effect of highfat diet per se (i.e. compared with LF) and modifications of this effect by inclusion of PUFA (i.e. compared with HF/6 or HF/3). As an exception, the effect of obesity and diabetes was evaluated by comparing db/+ vs db/db mice, both on LF, resulting in its reciprocal (diabetes −1 ) in order to facilitate direct comparisons with a normalising effect of PUFA.
Results
Body weight and metabolic changes by diets with different fat composition
To elucidate the impact of high-fat diets with different fatty acid composition on diabetes-induced alterations in white adipose tissue we treated obese diabetic db/db mice and lean non-diabetic littermates (db/+) with either LF or highfat diets enriched in saturated and monounsaturated fatty acids (HF/S), n−6 PUFA (HF/6), or a mixture of n−3 and n−6 PUFA (HF/3) that included 25.1 mg/g long-chain marine n−3 PUFA, mainly eicosapentaenoic (20:5n−3) and docosahexaenoic acid (22:6n−3; data not shown). All groups within a genotype were compared with mice fed HF/S in order to allow simultaneous statistical evaluation of the effect of high-fat diet per se and modifications of this effect by inclusion of different PUFA. Body weight at the end of the study was somewhat higher in db/db mice fed HF/3 compared with HF/S ( Table 1) . Plasma triglyceride concentrations were significantly lowered by HF/3 compared with HF/S in diabetic and non-diabetic animals. Plasma NEFA concentrations tended to be lowered by n−3 PUFA in db/db animals (p=0.13), whereas blood glucose concentrations did not change. Markers of systemic inflammation such as plasma concentrations of MCP-1 (CCL2), IL-6 and CRP showed minor alterations in obese compared with lean mice and different high-fat diets, respectively, indicating that systemic inflammation was not enhanced in obese animals under the conditions studied (Table 1) . Only opposing alterations of CRP by n−6 and n−3 PUFA in obese mice and reduction of MCP-1 by n−3 compared with n−6 PUFA in lean mice turned out to be statistically significant.
Gene expression profiling
Gene expression profiles from db/db mice fed LF and different PUFA-enriched diets were compared with those fed HF/S (Table 2) . HF/S treatment predominantly upregulated gene expression in db/db animals (244 up, 21 down) whereas effects of n−3 PUFA in combination with n−6 PUFA (n−3 & 6 PUFA effect) or on their own (n−3 PUFA effect) predominantly decreased gene expression. Compared with HF/S, n−6 PUFA did not significantly change gene expression profiles and was omitted from further analyses. A complete list of genes regulated by any diet effect is given in the electronic supplementary material (ESM). When analysing overlaps of expression profiles, we found that many HF/S-induced changes were discordant with the diabetes −1 effect, revealing aggravation of diabetes-associated changes, whereas n−3 PUFA were associated with normalisation of gene expression, i.e. alterations in the direction to non-diabetic mice. Moreover, high-fat diet effects were strictly discordant with those of n−3 & 6 PUFA (r 2 =0.8325, p<0.0005; Fig. 1 ) and n−3 PUFA (r 2 =0.6814, p<0.0005; data not shown), indicating that n−3 PUFA prevent gene expression alterations induced by HF/S. Thus, consumption of a high-fat diet aggravated diabetes-induced alterations in white adipose tissue gene expression, but inclusion of n−3 PUFA in the high-fat diet abrogated this effect.
Genes involved in the inflammatory response
Prototype genes associated with macrophage infiltration include those for the macrophage surface marker CD68 (CD68); macrophage antigen-1 (CD11b; Itgam) that is also expressed on monocytes, neutrophils and NK cells; MCP-1 (Ccl2) that is involved in macrophage infiltration; macrophage scavenger receptor-1 (Msr-1); macrophage-expressed gene 1 (Mpeg1); and the lipopolysaccharide receptor CD14 (CD14) that is expressed on monocytes and macrophages. HF/S considerably increased expression of these ( Fig. 2) and a large number of other inflammatory and macrophage genes in gonadal adipose tissue of db/db mice, including those encoding integrins (e.g. CD18), leucocyte surface antigens (e.g. CD14, CD48), chemokines and chemokine receptors (e.g. CCR1, CCR5), Fc receptors and macrophage-specific genes (ESM Table) . Macrophage marker genes Ccl2, CD68 and Itgam were significantly upregulated by high-fat diet in db/db animals, whereas TNF-α (Tnf) just failed to reach statistical significance (Fig. 2a) . In addition, IL-1 receptor antagonist (Il1rn), an anti-inflammatory cytokine whose expression is increased also in human obesity [19] was upregulated by HF/S (Fig. 2b) . The particularly enhanced expression of IL-1 receptor antagonist (Fig. 2 ) and of arginase (5.6-fold; not shown) in HF/S vs LF point to an alternatively activated phenotype of adipose-tissue-infiltrating macrophages [20] . Notably, inclusion of n−3 PUFA downregulated inflammatory gene expression in db/db mice to levels equal to or even lower than those found in animals on LF (Fig. 2a,b) . Changes in subcutaneous adipose tissue (Fig. 3 ) mirrored those from gonadal fat in db/db mice, revealing that the preventive effect of n−3 PUFA on white adipose tissue inflammation is common to different fat depots. Expression of many genes involved in the inflammatory response, including macrophage marker genes, was already upregulated in db/db compared with db/+ animals, both on LF ( Figs. 2 and 3 ; note different scaling of the ordinate in panels 2c and 3b). In 
All gene expression profiles were obtained from db/db mice unless stated otherwise a The diabetes effect was given as reciprocal (db/+ vs db/db) in order to facilitate direct comparisons with normalising effects of diets contrast to db/db animals, only minor changes in the expression of inflammatory genes induced by high-fat diets were observed in db/+ animals, including upregulation of Ccl2 selectively in gonadal adipose tissue (Fig. 2c) whose expression was again normalised by dietary n−3 PUFA. Notably, expression of macrophage marker genes in spleen and lung, typical macrophage-rich tissues, was not significantly altered by dietary interventions (Fig. 4) , indicating that effects of high-fat diet and n−3 PUFA in obese animals are restricted to adipose tissue. Thus, inflammatory changes in gene expression that were induced by feeding a high-fat diet selectively in white adipose tissue of obese diabetic mice were efficiently abrogated by inclusion of n−3 PUFA in the diet.
Histological analyses and JNK activation
Histological analyses revealed considerable mononuclear infiltrates in white adipose tissue from db/db mice fed HF/S compared with those on LF (Fig. 5) . Most infiltrating cells were macrophages, as they expressed the markers F4/80 and/or MAC-2, although the specificity of the latter has been recently questioned [21, 22] . HF/S increased macrophage numbers in gonadal adipose tissue sections by about three-fold (Fig. 5k) . However, inclusion of n−3 PUFA in the high-fat diet completely prevented macrophage infiltration by high-fat diets. These observations indicate that n−3 PUFA downregulate expression of macrophage genes in white adipose tissue predominantly by interfering with macrophage infiltration.
To investigate whether the inflammatory changes in adipose tissue are paralleled by alterations in the functional status of JNK, which is activated by phosphorylation and critically involved in the deterioration of insulin sensitivity, we analysed JNK phosphorylation in adipose tissue protein extracts. As shown in Fig. 6 , JNK activation, as determined by the phosphorylated JNK:JNK protein ratio, was strongly enhanced in obese compared with lean animals, both on LF (p<0.01). Moreover, feeding HF/S resulted in a further nearly two-fold borderline significant (p<0.1) increase in JNK phosphorylation that was almost completely prevented by the n−3 PUFA-containing diet. Thus, the increased inflammatory gene expression in adipose tissue of db/db animals fed high-fat diets was accompanied by JNK activation that tended not to occur in the presence of n−3 PUFA (p<0.1). Adiponectin is known to improve insulin sensitivity [23, 24] . Adiponectin gene (Acrp30) expression was significantly reduced in db/db mice fed HF/S compared with those on LF (Fig. 7) . Notably, high-fat diet-induced downregulation of adiponectin gene expression in db/db animals was paralleled by reduced adiponectin serum concentrations ( Table 1) . Inclusion of n−3 PUFA efficiently reversed the high-fat diet-induced downregulation of adiponectin in db/db mice and restored adiponectin serum concentrations. Thus, inflammatory changes in white adipose tissue of db/db mice that were induced by high-fat diet and prevented by n−3 PUFA were associated with inverse changes in the expression of the insulinsensitising adipokine adiponectin.
Discussion
Obesity is associated with chronic subclinical inflammation and macrophage infiltration of white adipose tissue [2, 6, 10, 11] . This inflammatory response appears to underlie metabolic complications of obesity and hence is of primary importance in the treatment of this disease to prevent development of insulin resistance and type 2 diabetes [25] . Here we show that the proinflammatory effects in white adipose tissue of a high-fat diet with a fatty acid composition similar to that of a common western diet Compared with db/db animals on LF (set to 100%; a), db/+ animals on the same diet (b) had the following mean relative levels of gene expression: Ccl2, 16.2%; CD68, 34.2%; Itgam, 41.6%. All data from db/+ vs db/db animals, both on LF, were significant at p<0.01 (not indicated in the figure). Means±SEM (HF/S) is prevented by inclusion of marine n−3 PUFA. In addition, the downregulation of adiponectin induced by high-fat diet was restored by n−3 PUFA. Hence, interference with adipose tissue inflammation represents a novel concept by which n−3 PUFA could exert beneficial metabolic effects in obesity.
The alterations induced by high-fat diet in inflammatory gene expression along with macrophage infiltration found in white adipose tissue of db/db mice were strikingly similar to those found in recent studies on this issue separately in genetic and diet-induced obesity using a dietary fatty acid composition very similar to HF/S [10, 11] . We used a model of genetic obesity (db/db mice) to compare white adipose tissue alterations in animals closely resembling the metabolic syndrome, although excluding leptin effects. Typical inflammatory cytokines such as TNF-α are known to interfere with insulin sensitivity [26] [27] [28] [29] and antagonise the release of the adipocyte-derived hormone adiponectin that improves insulin sensitivity. Only a few inflammatory changes were observed in db/+ animals under HF/S, presumably due to the short duration of treatment and the lower dietary fat content that provoked only minimal body weight gain [10, 11] . In particular, these changes included induction of MCP-1 (Ccl2) expression that was shown to precede insulin resistance [10] . Notably, induction of MCP-1 was prevented by inclusion of n−3 PUFA also in db/+ animals. The mechanism underlying macrophage infiltration of adipose tissue in obesity is still unclear, as are the mechanisms underlying the preventive effect of n−3 PUFA. n−3 PUFA interfere with monocyte and macrophage functions [16] and inhibit inflammatory responses in a variety of disorders including rheumatoid arthritis and inflammatory bowel disease, albeit with limited potency [15, 30, 31] . Adipocytes promote diapedesis of monocytes through microvascular endothelial cells, thereby facilitating macrophage accumulation [32] , and n−3 PUFA interfere with monocyte chemotaxis, at least in non-diabetic patients [33] . A variety of molecular mechanisms underlying the anti-inflammatory action of n−3 PUFA have been described, mostly in vitro, including altered synthesis of eicosanoids (prostaglandins, leukotrienes), activation or inhibition of nuclear receptors (e.g. peroxisome proliferator-activated receptor γ [PPARγ], liver X receptors) and alterations of membrane lipid rafts [15, 18, 34] . Despite anti-inflammatory effects of PPARγ agonists in obese animals and humans [8, 10] there is no evidence for a selectivity of PPARγ for n−3 PUFA [35] . Hence, the molecular mechanisms by which PUFA inhibit adipose tissue inflammation warrant further investigation.
n−3 PUFA could inhibit adipose tissue inflammation by directly inhibiting macrophage immigration and activation. However, published data on n−3 PUFA effects on macrophage function revealed moderate effects [16] compared with the complete abolishment of high-fat diet-induced macrophage infiltration of adipose tissue shown here. On the other hand, n−3 PUFA could prevent adipose tissue inflammation by predominantly interfering with adipocyte function. It could be speculated that n−3 PUFA ameliorate adipocyte stress and normalise adipocyte metabolism, thereby hindering adipocyte expression of pro-inflammatory cytokines [25] , by still unresolved mechanisms. We did not detect alterations in the expression of genes related to Fig. 2 (n=4-5/group) . Significance of differences from the HF/S group are indicated as follows: †p<0.01; ‡p<0.001. Means±SEM inflammatory pathways interfering with insulin sensitivity, such as inducible nitric oxide synthase, JNK (JNK1) and its interacting protein (JIP1; all data not shown). However, JNK activation as reflected by its phosphorylation paralleled inflammatory alterations in adipose tissue in lean mice on LF and obese mice fed different diets. Activation of this central player that links inflammatory pathways with deterioration of insulin sensitivity indicates functional alterations in adipose tissue that could lead to insulin resistance. Accordingly, adiponectin expression was restored by n−3 PUFA in our experiments and this finding could be taken as a marker of normalised adipocyte function. Moreover, expression of some adipocyte metabolic genes, e.g. fatty acid synthase and hormone-sensitive lipase, were downregulated in db/db mice when fed HF/S but not in the presence of n−3 PUFA (ESM Table and data not shown). Even though n−3 PUFA treatment of db/db mice resulted in only limited alterations of systemic metabolism in our study, local improvements in adipocyte function and amelioration of adipocyte stress response could prevent adipose tissue inflammation.
Treatment with n−3 PUFA separated obesity from the development of adipose tissue inflammation in obese mice. This result emphasises that obesity and obesityassociated complications are based on different mechanisms. Thus, reduction of body weight is not the only means to reduce adipose tissue inflammation [36] , and hence complications in obese patients. Indeed, our results with n−3 PUFA and data with rosiglitazone [10] suggest that agents affecting macrophage infiltration of adipose tissue could be an effective way to prevent metabolic consequences. This finding is of particular importance in view of the well-known low compliance of patients to dietary calorie restriction.
Dietary PUFA appear to exert preventive effects on the development of insulin resistance and diabetes [12, 37] particularly when compared with saturated fatty acids that promote diabetes development [38, 39] . However, most human intervention studies are not adequately powered (reviewed in [12] ) or have limited follow-up periods, since the beneficial effects may take many months to occur [38] . In addition, human studies could be complicated by genetic variations. For example, the Pro12Ala polymorphism of the PPARγ2 gene, the isoform expressed predominantly in adipose tissue, significantly affects the lipid metabolic response by n−3 PUFA, and similar appears to be true for insulin sensitivity [40] [41] [42] . Moreover, particularly obese patients with metabolic syndrome and high systemic inflammatory signs at baseline would be predicted to respond to n−3 PUFA treatment according to our study, whereas others may not, as suggested by recent human data [43] . Beneficial effects of n−3 PUFA on insulin resistance are particularly significant in rodents [44, 45] and this could in part be due to the higher dose of experimental n−3 PUFA intake compared with human studies. Blood glucose concentrations were not significantly changed by HF/S in our study, making it difficult to detect significant improvements by n−3 PUFA that appear to only prevent HF/Sinduced changes. However, adiponectin, which is positively correlated with insulin sensitivity and negatively associated with obesity [24, 29, 46, 47] , was expressed to a significantly lesser extent in adipose tissue of db/db mice fed HF/S but restored by n−3 PUFA (Fig. 7) . We have primarily investigated effects of n−3 PUFA on adipose tissue inflammation in mice that were already obese and diabetic at the beginning of the treatment, and saw rapid changes in adipose tissue inflammation. Possible beneficial effects of n−3 PUFA on the onset of insulin resistance in obesity remain to be investigated, e.g. using rodent models of diet-induced obesity. Published human intervention studies with n−3 PUFA were mostly performed with fish oil preparations or meals with oily fish [48] . However, the recent availability of highly enriched re-esterified n−3 PUFA concentrates, such as the one used in our experiments, also warrant adequately powered clinical trials on diabetes prevention with an effective daily dose of n−3 PUFA.
In conclusion, the inflammatory response in white adipose tissue induced by a high-fat diet in obese diabetic animals is prevented by inclusion of n−3 PUFA. Moreover, detrimental effects of a high-fat diet on adiponectin expression are restored in parallel. Thus, specific antiinflammatory properties of n−3 PUFA could play a role in restoring adipocyte function in obese subjects, and this could extend to improved insulin sensitivity when n−3 PUFA are given in an appropriate dose over a prolonged period of time.
